An integration degree of modern printed circuit boards (PCB) is continually increasing. One of the important stages in the manufacturing of electronic devices is component soldering onto PCB pads. The soldering process is affected by many factors, which may lead to the formation of undesirable soldering defects. Some kinds of defects including bridge defects are detected visually. In the current article the possibility of bridge defect detection in a multi-pin surface mount component PCB images using wavelet transform is analyzed.
Introduction
The successful manufacturing of electronic devices is based on high quality components and a faultless assembly process. However in both, components manufacturing and in the assembly of electronics there is a possibility of defect occurrence [1, 2] . Frequently, the main sources of defects are PCB making process and component soldering onto PCB. Many types of defects are identified by optical examination of PCB. To speed up the production and maintain a high quality, automatic and semi-automatic methods with image processing are often used [3] [4] [5] .
Bridge defects are exceptional type of defects, which may occur in the PCB before or after soldering and increase the probability of malfunction. They are especially critical for multi-pin high integration ICs because the pin gap is as low as a couple of hundreds of microns [6] . After the soldering of multi-pin ICs solder distributes evenly under every pin. If the soldering process is qualitative the periodicity of pin regions in photographic images of components remains unchanged. In the case when solder fills the gap between two neighbor pins a bridge defect occurs and respectively periodicity loss is observed in the region of the defect. Detection of bridge defects may be performed by the application of wavelets transform [7] [8] [9] , which is useful for object edge detection, and denoising, signal compression, etc. The main idea of this article is based on detection of non-periodic image regions in the periodic background using the property of wavelets to discriminate between stationary and non-stationary signal fragments.
Discussion of the Problem
One of the principal tasks of a soldering quality evaluation is the localization of defects in a given PCB image. In our case the bridge defects are mainly of interest. An appropriate way for indicating defect locations is binary image mask. Thus, PCB image is our input data and the resulting mask is output data. The PCB image is assumed as a high resolution 8-bit grayscale image obtained with a digital camera. For successful analysis results it is obvious that resolution of the image must be high enough to be able to easily discriminate between two neighbor pins. An appropriate image resolution should be of at least a couple of pixels per pin gap.
The analysis of an image is divided into three main stages (see Fig. 1 ). At the first stage, the image is preprocessed to overcome uneven illumination, undesired reflections and other image generation problems (preprocessed image is shown in Fig. 1 a, b ). At the second stage, the region of analysis must be defined. In series production where aligning accuracy is ensured, the mask of an analysis region should be used (see Fig 1 c) . In low number production, the analysis region is defined by using manual or automatic methods. Finally, in the third stage detected region should be analyzed deeper to find deviations from periodic law. For this purpose, opposite to classic Fourier transform, time-frequency representations are useful. In our case, wavelet transform is suggested because of presence of fast calculation algorithms and high analysis performance. Image wavelet spectrum is time-frequency representation that shows the composition of frequency components at a particular location of the image. At the location of defect the energy leakage in frequency axis occurs. In many cases of bridge defects solder completely fills the gap between pins ( Fig. 1 b) and therefore the energy in the wavelet spectrum of image distributes from high to lower frequencies.
regions of defects correspond to small-scale wavelet coefficients that represent the edges of smallest image objects. Any deviations from periodical distribution caused by defects may be detected by a decrease of wavelet coefficients. In this case threshold functions are helpful allowing one to acquire the mask of defect ( Fig. 1 d) .
Wavelet Analysis
In practice there are usually two types of wavelet transform: continuous (time) wavelet transform (CWT) and discrete wavelet transform (DWT). Both types are extendable from a one-dimensional to multidimensional case and implemented in a digital way. The main advantage of CWT is the possibility to analyze a signal at arbitrary scales and locations; however, its computation is highly redundant and time consuming. DWT uses orthogonal basis functions for signal decomposition and its computation is very fast and non-redundant. From the other side, DWT analyzes signal at dyadic scales and integer translations. A general formula of CWT is the following:
Where w a (b) is the time-frequency spectrum, s(t) is the continuous time signal, ψ(⋅) is a wavelet function, a is the scale factor and the b is the translation factor of the wavelet function. It may be noticed that scale factor a extends or compresses the wavelet function and translation factor b shifts wavelet function on a time axis. Finally, integration of the multiplication of signal with wavelet function gives an energy evaluation at a particular scale (frequency) and location (time). In the twodimensional case the Eq. 1 is rewritten in the following form:
Eq. 2 is applicable in the case of image, then variables t x and t y correspond to image pixel coordinates, b x and b y are two dimensional wavelet function ψ(⋅) translation factors. From the Eq. 1 and 2 DWT formulas are deduced. Usually, the one-dimensional (1D) case is of interest because of the possibility to perform a two-dimensional (2D) analysis by applying row-column algorithm. For
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Mechatronic Systems and Materials a finite length discrete signal s[k] the DWT is given in Eq. 3, where w j (n) is the time-frequency spectrum, ψ(2 j k⋅-⋅n) is discrete wavelet function with dyadic scale j and integer translation n.
In the case of an image analysis Eq. 3 should be applied to every row and then to every column of the resulting array. In comparison with the one-dimensional case the image DWT consists of three types of directional coefficients (horizontal, vertical and diagonal) at every scale.
An important point of wavelet analysis is the selection of a wavelet function. There are many types and sub-types of wavelet functions, which are oriented to signal type (continuous, discrete, real, complex) and the task of analysis (edge detection, compression, denoising, etc.). For our task we evaluated the wavelet transform by choosing two well-known wavelet functions, i.e. Mexican Hat (MHAT) for CWT and Haar wavelet for DWT (see Fig. 2 ).
Bridge Defect Detection Using a One-dimensional Approach
1D wavelets shown in Fig. 2 are applicable for analysis of a single image row or column. If detection of the region of interest is performed with high accuracy (i.e. analysis area contains only region of pins) then 2D analysis is not necessary and it is enough to analyze a certain set of rows and columns. In the Fig. 3 there is an example of an image taken from real PCB photo, which contains region of soldered pins together with some neighbor area. It shows an image intensity signal of row nr.18 and its wavelet spectra using CWT and DWT. As was expected, the intensity signal in the region of interest is periodic if analyzed perpendicular to pins. The bridge (or solder ball) defect causes the disappearance of the peak between columns nr.175 and nr.190.
The MHAT CWT representation shown in Fig. 3 c was calculated in 32 different scales. A translation factor in the given example is equaled to the number of samples of the signal. The discrete Haar wavelet transform uses a dyadic set of scales which number is equaled to the logarithm of base two of the signal length (in our case it is log 2 512 = 9). Translation factor in Haar DWT is also dyadic and is related to the scale factor. The main difference in the sense of translation is that DWT uses a non-overlapping analysis window and the CWT uses overlapping windows, which greatly increase the information redundancy in the time-frequency representation.
The presence of a bridge defect in the 1D signal is observable in both CWT and DWT representations. In the Fig. 3 c and d absolute values of wavelet coefficients correspond to color of pixels: the greater the value the darker the pixel is shown. At small scales both CWT and DWT reflect small details of the signal. These details are periodic and wavelet coefficients also have a periodic manner because the analysis window is relatively small. With an increase of the scale the lower frequency components are reflected. This technique lets one reliably detect transient signal fragments in different window sizes (scales). Fig. 3 b gives a clear understanding of the defect's presence due to energy leakage from intensive high frequency peak (scale 30) to lower frequencies.
In order to detect the defect with high accuracy by using a threshold function one needs to select the smallest scale where wavelet coefficients are non-periodic.
A slightly different picture is obtained when a Haar wavelet with dyadic scales is used. Despite a non-redundant time-frequency representation, the Haar DWT is more complicated to analyze. Wavelet coefficients when the scale factor j varies from 9 to 6 still have periodicity showing the non-stationarity of the signal at these scales. Starting from scale j = 5 a similar to CWT energy peaks are observed. The main drawbacks of the Haar DWT in comparison with CWT are lower detection accuracy and dependence on the signal phase either on the location of the defect, from the other side Haar DWT is much faster than CWT. 
Image Wavelet Transform for Detection of Bridge Defects
Detection of bridge defects in PCB images may be extended from 1D to 2D analysis using the same analysis technique. Then CTW has to be calculated according to equation (2) by using 2D Mexican Hat wavelet. In the case of DWT equation (3) must be applied to image columns and then to rows by using 1D Haar wavelet. For both types of wavelets 1D analysis proved that not all scales are necessary to be evaluated for the detection of bridge defects. By knowing the pin periodicity in pixel units it is possible to calculate wavelet coefficients only at needed scales. A threshold parameter in an image processing is usually evaluated by an image histogram. An example of 2D analysis is shown in Fig. 4 . The 2D approach for bridge defect detection shows similar results in Fig. 4 . Results of bridge defect detection using two-dimensional discrete Haar wavelet transform and continuous MHAT wavelet transform comparison with 1D analysis. In both DWT and CWT energy leakage from high to lower frequencies are detected by larger scale wavelet coefficients where periodicity of pins is eliminated. DWT performed well for vivid and some faint bridge defects (on the left side of component) however, its results are sensitive to defect location. If defect occurs at the edges of the Haar wavelet then energy spreads to neighboring coefficients and the threshold function gives prolonged segment (see Fig. 4 upper right image). Image analysis with CWT showed better localization accuracy however some peaks at the edges of the region of interest were also detected. On the other hand, not all minor bridge defects were detected in both cases. Nevertheless, it is noticeable that minor defects also have corresponding peaks in the images of wavelet coefficients but they are considerably smaller in comparison with peaks of vivid defects. In order to detect them an adaptive threshold function should be used.
Conclusions
1. Bridge defect detection in PCB images is one of the important stages of manufacturing electronics. In the detection of solder bridges of multi-pin ICs there are useful time-frequency time-frequency image processing tools especially wavelet transforms. 2. For detection of bridge defects it is possible to use one-dimensional and two-dimensional wavelet analysis approaches. In both cases, wavelet coefficient peaks at particular scales identified bridge defects. Continuous wavelet transform gives better localization accuracy in comparison with a discrete wavelet transform however the implementation of continuous wavelet transform requires more calculation resources. 
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